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Nondipole effects in the atomic dynamic interference are investigated by numerically solving
the time-dependent Schro¨dinger equation (TDSE) of hydrogen. It is found that the inclusion of
nondipole corrections in the TDSE can induce momentum shifts of photoelectrons in the opposite
direction of the laser propagation. The magnitude of the momentum shift is roughly proportional
to the laser peak intensity and to the momentum component of the photoelectron along the laser
propagation. By including the nondipole corrections of the Volkov phase into a semi-analytical model
previously developed under the dipole approximation, all the main features of the momentum shifts
can be nicely reproduced. Through an analytic expression, the origin of such momentum shifts is
attributed to the nondipole phase difference between the two electron wave packets ejected in the
rising edge and the falling edge, which will interfere with each other and result in the final fringe
pattern. One important consequence of such momentum shifts is that they can smooth out the peak
splitting induced by the dynamic interference in the photoelectron energy spectrum. Nevertheless,
it should be emphasized that the dynamic interference persists in the photoelectron momentum
distributions and is not suppressed at all for the laser parameters considered in this work.
I. INTRODUCTION
Interference processes are at the heart of the optical
and quantum mechanical phenomena, which can be re-
alized through a spatial or temporal double-slit proto-
type. The availability of different new light sources has
enabled the possibility to observe new types of quantum
interference in atomic and molecular systems. For ex-
ample, free-electron lasers (FELs) [1–3] can now provide
x-rays at wavelengths down to 1 A˚ngstrom with an un-
precedented intensity around 1020 W/cm2) (see, e.g, a
recent review in Ref. [4] and reference therein). For laser
pulses at large photon energies and high intensities, the
so-called “dynamic interference” in the atomic ionization
has been theoretically observed [5–14]. It refers to the
interference between two electronic wave packets respec-
tively ejected in the rising and the falling edge of a laser
pulse.
According to the Einstein’s photoelectric law, a single
peak at E = ω − Ip is expected in the photoelectron en-
ergy spectrum for one-photon ionization at a low laser
intensity. However, the single peak can gradually evolve
into a multi-peak structure due to the dynamic interfer-
ence when the laser intensity is increased. The condi-
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tions to observe such a dynamic interference are recently
discussed [13, 15]. In fact, to observe the dynamic inter-
ference in the ground state of hydrogen at a moderately
high laser frequency (∼50 eV), the peak intensity needs
to be high enough (above 1018 W/cm2) for the atomic
stabilization to occur [15]. The relative theoretical stud-
ies are presently limited to the dipole approximation for
the laser-atom interaction. However, one expects that
the nondipole correction may play a non-negligible role
at large photon energies with such a high laser inten-
sity [16, 17]. For instance, the inclusion of the nondipole
corrections may weaken the atomic stabilization [18–26].
In the dipole approximation, the time-dependent
Hamiltonian is cylindrically symmetric for a linearly po-
larized laser pulse. However, the inclusion of the leading-
order corrections of the nondipole effects will break the
cylindrical symmetry of the Hamiltonian. As a result, the
cylindrical symmetry of the angular distribution of the
photoelectrons can also be broken when the nondipole
corrections become non-negligible. In some cases, the
asymmetrical angular distribution of the photoelectrons
can be treated as a result of the interference between
the dipole ionization paths and the nondipole ionization
paths. Actually, there is a long history in calculating and
measuring the asymmetrical distribution parameters [27–
34]. Recently, several theoretical studies discussed the
nondipole asymmetrical angular distributions [17, 35–39].
A related topic is the photon-momentum transfer and
partition in the atomic and molecular ionization [40–56].
2Here, the momentum of the photon can be related to the
average value of the photoelectron momentum along the
laser propagation direction, whose nonzero value is an
appearance of the broken cylindrical symmetry.
In this work, we particularly investigate the nondipole
effects in the dynamic interference by numerically solv-
ing the time-dependent Schro¨dinger equation (TDSE).
We present detailed angularly distinguished momentum
spectra of the photoelectron within/byeond the dipole
application. In the dipole approximation, the ring struc-
tures resulted from the dynamic interference in the mo-
mentum spectra are concentric at a zero momentum and
symmetric about the line of the laser polarization accord-
ing to the dipole transition. For the nondipole calcula-
tions, ring-like structures caused by the dynamics inter-
ference are still clearly present, but their geometric cen-
ters are apparently shifted in the opposite direction of the
laser propagation and the rings are asymmetric about
the axis of the laser polarization, which is due to the
leading-order consideration of the magnetic force of the
pulse. Such a shift in the momentum spectra can signif-
icantly suppress the peak splitting in the angularly inte-
grated energy spectrum. We further explore the origin of
the momentum shift and find that it is closely related to
the nondipole phase differences between electrons emit-
ted in the rising and falling edge of the laser pulse. By
including the nondipole phase term into a semi-analytical
model previously developed, the momentum shifts of the
interference rings can be nicely reproduced.
II. METHODS
In the nonrelativistic situation, the dynamics of a hy-
drogen atom interacting with a classical electromagnetic
field can be described by the time-dependent Schro¨dinger
equation (atomic units are employed throughout unless
otherwise stated),
i
∂
∂t
Ψ(r, t) = HΨ(r, t), (1)
where the full Hamiltonian in the velocity gauge is given
by
H =
1
2
[p+A(r, t)]
2
+ V (r). (2)
With the consideration of the lowest-order nondipole
correction [17, 50, 57, 58], the time- and space-dependent
vector potentialA(r, t) for a laser pulse linearly polarized
along the z axis with a propagation direction in the pos-
itive x axis can be written as
Az(x, t) = Az(t) +
x
c
Ez(t), (3)
in which Az(t) is the vector potential usually adopted in
the dipole approximation and Ez(t) is the corresponding
electric field, with c being the vacuum light speed. In-
serting Eq. (3) into Eq. (2), one obtains the leading-order
corrected nondipole Hamiltonian,
Hnondipole = −
1
2
∇2 + V (r)− iAz(t)∂z
−i
x
c
Ez(t)∂z +
x
c
Az(t)Ez(t),
in which we assume a hydrogen system, with a spherically
symmetric potential V (r) = V (r) = −1/r.
To solve the TDSE, we expand the wave function in
terms of the spherical harmonics for the angular coordi-
nates. The resultant Schro¨dinger equation for the radial
wave function can be solved using various discretization
methods [59–61]. In the present work, we use the fi-
nite difference for the radial coordinate r and the split-
operator technique for the short-time propagator [62].
The initial state is obtained by an imaginary time prop-
agation in the absence of the external field until the
ground-state energy is fully converged. And the final
wave function Ψf after the end of the external fields is
projected onto the scattering states Ψ
(−)
p [63] to obtain
the differential distribution of the photoelectron with a
momentum p, i.e.,
D(p) = D(p, θ, φ) = |〈Ψ(−)
p
|Ψf〉|
2, (4)
where θ is the angle between the photoelectron emission
direction and the z-axis. To obtain the angularly inte-
grated energy spectrum D(E), one can change from the
momentum to the energy space according to their Jaco-
bian matrix and carry out the following integration,
D(E) =
∫ ∫
D(p)|p| sin θdθdφ. (5)
III. RESULTS AND DISCUSSIONS
In this section, we will present our main results, which
are calculated for a linearly polarized Gaussian-shaped
pulse with a carrier frequency of ω = 53.6 eV and with a
full width at half maximum (FWHM) about 7 cycle. We
will first examine the photoelectron energy distribution
D(E) at various laser intensities, where the dynamic in-
terference gradually appears and drastic differences are
observed between the dipole and the nondipole results at
higher intensities. One may suspect that the dynamic in-
terference is severely suppressed by the nondipole effects.
However, as one turns to compare the differential mo-
mentum distributions at the highest intensity used (1 ×
1019 W/cm2), one finds that nice interference still per-
sists but with momentum shifts of the ring structures in
the opposite direction of the laser propagation. Finally,
by including the nondipole phase shift into our previous
semi-analytical model based on the dipole approxima-
tion, we can reproduce the momentum shifts and find
that they smooth out the dynamic interference in the
angularly integrated spectrum D(E).
3FIG. 1. (Color online) The photoelectron energy distribution
D(E) for the 1s hydrogen state exposed to linearly polarized
Gaussian-shaped pulses with a carrier frequency of ω = 53.6
eV and FWHM of 7 cycle at four different laser intensities:
(a) I0 = 1.0 × 10
17 W/cm2, (b) I0 = 1.0 × 10
18 W/cm2, (c)
I0 = 4.0× 10
18 W/cm2, and (d) I0 = 1.0× 10
19 W/cm2. Red
solid line: the dipole result; blue dotted line: the nondipole
result.
For all the results presented in the following, full con-
vergences are guaranteed against the change of the tem-
poral and spatial parameters. Typically, the angular mo-
mentum l is taken up to 40 and the maximum radial
coordinate rmax ≈ 2800 a.u.
A. Nondipole effects in the energy spectrum
Previous studies on the dynamic interference were
mainly focused on analysing the photoelectron energy
spectrum. We show our results of photoelectron energy
spectra in Fig. 1 at four different laser intensities. The
results from the dipole approximation are consistent with
previous studies, i.e., the dynamic interference does ap-
pear for pulse intensity above 1018 W/cm2 even for the
ground state of hydrogen, due to the onset of the atomic
stabilization [15]. Atomic stabilization can be involved if
the laser intensity is larger than cω4/8pi for the atomic
hydrogen [15]. In addition, we notice that the results
from the nondipole calculation can perfectly agree with
those from the dipole calculations for laser intensity be-
low 1018 W/cm2, see Figs. 1(a) and 1(b). However, ob-
vious differences can be observed for higher laser inten-
sities, see Figs. 1(c) and 1(d). For present photon en-
ergy (∼ 50 eV), when the laser intensity is in the or-
der of 1019 W/cm2, one is approaching the limit of the
dipole approximation (see, e.g. Fig.4 in Ref. [16]) and
the nondipole effects may be non-negligible. One can see
FIG. 2. (Color online) The photoelectron momentum dis-
tribution D(p) in the px-pz plane (py = 0) plane at I0 =
1.0 × 1019 W/cm2. The upper (lower) half plane is the
dipole (nondipole) result with a black solid (dashed) semi-
circle as a reference to highlight the momentum shift.
from these results that the inclusion of the nondipole cor-
rections can significantly suppress the peak splitting in
the energy spectrum. Nevertheless, one can not draw the
conclusion that the nondipole effects reduce the dynamic
interference, as we will show below.
B. Momentum shifts in the rings of the dynamic
interference
In order to check whether the dynamic interference is
destroyed by the nondiple effects, we turn to examine the
differential distributions of photoelectrons in the momen-
tum plane of px-pz. In Fig. 2, we compare such momen-
tum distributions from the dipole (upper half-plane) and
nondipole (lower half-plane) calculations at the intensity
of 1× 1019 W/cm2.
Quite different from the gradual disappearance of
the interference oscillations in the energy spectra of
Figs. 1(c) and 1(d), one can see from Fig. 2 that the
dynamic interference patterns are still present in the mo-
mentum space under the same laser parameters. As men-
tioned earlier, the inclusion of the nondipole terms in the
Hamiltonian will break the cylindrical symmetry in the
photoelectron distributions. Indeed, a careful examina-
tion for the lower half-plane can distinguish an asym-
metric angular distribution in the positive and negative
direction of the laser propagation, i.e., the spectrum is
no more symmetric about the line of the laser polariza-
tion z-axis. The ring structures in the upper half plane
of Fig. 2 precisely concenter at zero (marked as the ori-
gin point O), while the centers of those ring structures
4in the nondipole result in the lower half-plane of Fig. 2
are roughly shifted towards the opposite direction of the
laser propagation (marked as the origin point O′).
Such momentum shifts explain why the peak split-
ting in the angle-integrated energy spectrum is gradually
smoothed out. From the TDSE calculations, we can ex-
tract the value of the center move from the point O to O′
as the momentum shift ∆p at different laser intensities,
which are shown by red solid circles in Fig. 3(a). One
can see that the higher the laser intensity is, the larger
the momentum shift is. The negative sign of ∆p means
that the interference rings in the momentum space shift
in the opposite direction of the laser propagation.
One expects, without considering the momentum
shifts, the dynamic interference would still be present
in the energy spectrum. To show this, in Fig. 3(b), we
artificially move the shifted center O′ of the nondipole
interference patterns back to zero and recalculate the
angle-integrated energy spectrum D(E). Indeed, we find
that the disappeared interference oscillations in Fig. 1(d)
can be largely retrieved and the adjusted nondipole re-
sults agree with the dipole results rather well. From
this respect, we can deduce that the dynamic interfer-
ence process is not prohibited by the magnetic force for
present laser parameters and the main nondipole effects
should be the momentum shift of the interference pat-
terns, whose underlying mechanism will be discussed in
the following subsection.
C. Analytic expressions for the momentum shift
To see more clearly the nondipole effects, it’s better
to examine the momentum distributions in the polar co-
ordinates of the px-pz plane (py = 0). As is shown in
Fig. 4(a), the dipole results are identical for the elec-
trons with px > 0 and px < 0. However, the angular
distributions are drastically different for electrons with
px > 0 and those with px < 0, as is respectively shown in
Figs. 4(b) and 4(c): the momentum is shifted toward a
smaller or a larger value. In the following, we will derive
an analytical expression for the momentum shift.
The dynamic interference origins from the AC-Stark
shift of the initial ground state and the final continuum
state. Models based on the dipole approximation can
nicely explain the multi-peak structures in the energy
spectrum [7, 15]. In the following, we are able to provide
a physical explanation for the momentum shifts by in-
cluding the nondipole corrections into our previous semi-
analytical model [15] and presenting an analytic expres-
sion for the momentum shift.
It is too complicated to obtain an accurate expression
for the AC-stark shift of the continuum state, but it is
not difficult to get an analytic expression by neglecting
the Coulomb potential in the Hamiltonian. The solution
of the TDSE without considering the Coulomb potential
is referred to the Volkov state. A Volkov state is a rea-
sonable approximation for the continuum state when the
FIG. 3. (Color online) (a) The momentum shift ∆p at various
laser intensities: results in red solid circles (green open circles)
are values extracted from the momentum distributions calcu-
lated by the nondipole TDSE (the semi-analytical model);
the blue crosses refer to the analytic results from Eq. (13).
In (b), angle-integrated energy spectra D(E) are shown: for
the dipole result as a red dotted line, and for the nondipole
result respectively calculated before/after moving the center
O′ back to zero by a blue dashed/green solid line.
FIG. 4. (Color online) The 2D photoelectron momentum
distributions D(p) in the px-pz plane (py = 0) at I0 =
1.0 × 1019 W/cm2 are shown for: (a) the dipole TDSE cal-
culation, (b) the nondipole TDSE calculation for px > 0, (c)
the nondipole TDSE calculation for px < 0, and (d) semi-
analytical model results for px > 0.
laser intensity is high enough, as those considered in the
present work. In addition, since the nondipole terms are
only a small correction to the dipole interacting Hamil-
tonian, one expects that the magnitude of the transition
matrix from the ground to the continuum state will not
change much. On the contrary, for the dynamic interfer-
ence discussed in this work, the phase of the transition
5matrix will play a much more important role. Therefore,
let us satisfy ourselves by only including the nondipole
modification in the phase.
The Volkov phase in the velocity gauge can be ex-
pressed as [52, 64]
Φ(t) = φ0(t) + φ1(t), (6)
where
φ0(t) =
∫ t
−∞
[
p2
2
+ pzA(τ)
]
dτ (7)
is the dipole Volkov phase, and
φ1(t) =
∫ t
−∞
px
c
[
pzA(τ) +
A2(τ)
2
]
dτ (8)
is the nondipole correction for the Volkov phase. In
Eq. (8), we have neglected the small terms ∝ 1
c2
and
the space-dependent phases [52], which have negligible
influences on the interference.
By including the nondipole phase term into the semi-
analytical model previously developed for the dynamic
interference, the momentum shift observed in the TDSE
calculations is nicely reproduced, as is shown in Fig. 4(d)
for px > 0. From the satisfactory agreement between
Figs. 4(b) and 4(d), one can conclude that the momentum
shift does mainly come from the nondipole correction of
the Volkov phase.
With the help of Eq. (8), we can obtain the nondipole
correction for the instantaneous AC-Stark energy shift in
the continuum state to be
δE(t) =
dφ1(t)
dt
=
px
c
[
pzA(t) +
A2(t)
2
]
. (9)
Considering the high-frequency oscillations in the AC-
Stark energy shift and the laser envelope varying slowly
compared to the laser cycle, one may need to average the
response of the system to the laser field over the laser
cycle to arrive at a formulation solely expressed in terms
of the laser envelope [13, 15]. Therefore a mean filter can
be applied to obtain the smoothed AC-Stark energy shift
δE(t) without high-frequency oscillations. The dipole
term from Eq. (7) and the first term in the nondipole
correction in Eq. (9) do not contribute to δE(t) because
the time average of A(t) is zero. δE(t) only comes from
the second term in the right hand of Eq. (9) and this
nondipole energy shift will affect the photoelectron mo-
mentum according to the energy conversation equation,
ω =
p2
2
+ δE(t) + Ip − δE0(t), (10)
where δE0(t) is the energy shift the ground state after
the mean filter.
Considering the atomic stabilization effects, the time
point of the maximal ejection rate is not at the peak of
FIG. 5. (Color online) The upper row shows the 2D pho-
toelectron momentum distribution D(p) in the py-pz plane
(px = 0) at I0 = 1.0 × 10
19 W/cm2: (a) the dipole TDSE
calculation for py > 0, and (b) the nondipole TDSE calcula-
tion for py > 0. The lower row shows both the dipole and
the nondipole D(p) result for photoelectrons with px = 0:
(c) along the laser polarization direction, and (d) along the
direction of θ = pi/4.
the pulse, but at the time when the instantaneous inten-
sity is in the order of 1017 W/cm2 for the present case. So
the corresponding instantaneous AC-Stark energy shift
δE(t) is rather small compared to the photoelectron ki-
netic energy. We believe the instantaneous energy shift
δE(t) barely contributes to the momentum shift men-
tioned above.
Then we turn to the phase difference between two
electron wave packets ejected in the rising edge and the
falling edge, which will interfere with each other and re-
sult in the fringe patterns. The ejection time points t1
(in the rising edge) and t2 (in the falling edge) of the pho-
toelectron with momentum p can be obtained by solving
Eq. (10). In the period between the time point t1 and t2,
the electron emitted at t1 jumps to the Volkov state while
the electron emitted at t2 remains in the ground state.
Due to the nondipole correction to the Volkov phase, a
nondipole term needs to be added only to the phase of
the electron emitted at t1 in this period, which is equal
to φ1(t2) − φ1(t1), see Eq. (8). Therefore the nondipole
correction to the phase difference between the two elec-
trons ejected at t1 and t2 emerges during this period and
equals φ1(t1)− φ1(t2). As a result of the high-frequency
oscillation, the phase difference of the two electrons in-
duced by the first term in Eq. (8) is negligible. Therefore
6the nondipole term added to the phase difference can be
expressed as,
∆φ = −
A20px
2c
∫ t2
t1
g2(t)dt, (11)
in which the time integration of A2(t) is given by
A20
∫ t2
t1
g2(t)dt, where A0 is the peak value of the vector
potential of the whole pulse.
Due to the positive AC-Stark shift of the ground state,
the phase of the secondly ejected electron is larger than
that of the firstly ejected electron when the two elec-
trons interfere. The larger the ejection time difference
is, the greater the phase difference will be. For positive
(negative) px, the nondipole correction will decrease (in-
crease) the phase difference, moving the dipole interfer-
ence fringe to the direction of smaller (larger) momentum
value. This finally leads to a momentum shift which is op-
posite to the laser propagation direction. If the change of
the phase difference equals 2pi, the peak positions will be
shifted by the fringe spacing ∆p0. For ∆φ much smaller
than 2pi, we assume the momentum shift depends on ∆φ
linearly. Then the shift of the peak positions in the mo-
mentum spectra can be estimated by,
∆ppeak=
∆φ
2pi
∆p0
= −
2
∫ t2
t1
g2(t)dt
ω2c2
I0∆p0px. (12)
where I0 is the laser peak intensity, ∆p0 is the fringe
spacing, and px is the momentum component along the
laser propagation direction.
In Eq. (12), it can be seen that the nondipole peak
shift is zero if px = 0. This is consistent with our TDSE
results in Figs. 5(a) and 5(b), where the momentum dis-
tributions in the py-pz plane are shown for px = 0. In
this case, the nondipole effects can indeed be neglected,
as can be observed more clearly by looking a line cut in
Figs. 5(c) and 5(d). However, for px 6= 0, the nondipole
effects will become significant and the momentum shift
will depend on the sign of px. According to Eq. (12),
∆ppeak is negative for electrons with px > 0 and positive
for px < 0. This can explain the different trends of shifts
in the momentum space for electrons with positive and
negative px in Figs. 4 (b) and 4(c).
In Fig. 2, the peak positions in the nondipole calcula-
tion are roughly located at circles whose center has been
shifted away from the origin of coordinates. This shift
of center can be approximately deduced from Eq. (12) to
be,
∆p ≈ −
2
∫ t2
t1
g2(t)dt
ω2c2
p∆p0I0. (13)
For present laser pulses with high intensities, the time
points t1 and t2 of the dominated ejection are located
close to the tails of the laser pulse due to the atomic
stabilization. Hence in the estimation of Eq. (13), it is
possible to approximate
∫ t2
t1
g2(t)dt by
∫∞
−∞
g2(t)dt. The
predictions from Eq. (13) are presented as blue crosses in
Fig. 3(a), and one can see that they agree very well with
the shifts respectively extracted from the TDSE and the
semi-analytical model.
IV. CONCLUSIONS
In summary, by solving the 3D time-dependent
Schro¨dinger equation within/beyond the dipole approxi-
mation, we have observed clear dynamic interference ex-
hibited in the ionization of the hydrogen ground state
by a super-intense high-frequency laser pulse. The oscil-
lation patterns in the photoelectron energy spectra are
controlled by the laser intensity and gradually wiped out
in the nondipole calculations. However, through an all-
round analysis of the differential momentum distribu-
tions of photoelectrons, we find that the smoothing of the
peak splitting in the energy spectra is due to momentum
shifts in the opposite direction of the laser propagation,
which are proportional to the peak laser intensity. By de-
veloping a semi-analytical model including the nondipole
Volkov phase, all the features observed in the TDSE cal-
culations can be well reproduced. Through an analytic
expression for the momentum shift, we point out that the
physical origin of this momentum shift can be mainly at-
tributed to the nondipole phase difference between the
two electron wave packets ejected in the rising edge and
the falling edge. With the fast development of the strong
short-wavelength lasers, the predicted phenomena may
be observed in the future.
ACKNOWLEDGMENTS
This work is supported by the National Natural
Science Foundation of China (NSFC) under Grant
Nos. 11725416, 11574010 and 11747013, and by the
National Key R&D Program of China (Grant No.
2018YFA0306302). L.Y.P. acknowledges the support
by the National Science Fund for Distinguished Young
Scholars.
[1] P. Emma et al., Nat. Photonics 4, 641 (2010). [2] B. W. J. McNeil and N. R. Thompson,
Nat. Photonics 4, 814 (2010).
7[3] T. Ishikawa et al., Nat. Photonics 6, 540 (2012).
[4] L. Young et al., J. Phys. B 51, 032003 (2018).
[5] K. Toyota, O. I. Tolstikhin, T. Morishita, and S. Watan-
abe, Phys. Rev. A 76, 043418 (2007).
[6] K. Toyota, O. I. Tolstikhin, T. Morishita, and S. Watan-
abe, Phys. Rev. A 78, 033432 (2008).
[7] P. V. Demekhin and L. S. Cederbaum,
Phys. Rev. Lett. 108, 253001 (2012).
[8] P. V. Demekhin and L. S. Cederbaum,
Phys. Rev. A 86, 063412 (2012).
[9] C. Yu, N. Fu, G. Zhang, and J. Yao,
Phys. Rev. A 87, 043405 (2013).
[10] K. Toyota, U. Saalmann, and J. M. Rost,
New J. Phys. 17, 073005 (2015).
[11] K. Toyota, Phys. Rev. A 94, 043411 (2016).
[12] A. N. Artemyev, A. D. Mu¨ller, D. Hochstuhl,
L. S. Cederbaum, and P. V. Demekhin,
Phys. Rev. A 93, 043418 (2016).
[13] M. Baghery, U. Saalmann, and J. M. Rost,
Phys. Rev. Lett. 118, 143202 (2017).
[14] Q. C. Ning, U. Saalmann, and J. M. Rost,
Phys. Rev. Lett. 120, 033203 (2018).
[15] W.-C. Jiang and J. Burgdo¨rfer, in press. (2018).
[16] H. R. Reiss, J. Phys. B 47, 204006 (2014).
[17] M. Førre and A. S. Simonsen,
Phys. Rev. A 90, 053411 (2014).
[18] N. J. Kylstra, R. A. Worthington, A. Patel, P. L.
Knight, J. R. Va´zquez de Aldana, and L. Roso,
Phys. Rev. Lett. 85, 1835 (2000).
[19] M. Gavrila, J. Phys. B 35, R147 (2002).
[20] A. M. Popov, O. V. Tikhonova, and E. A. Volkova,
J. Phys. B 36, R125 (2003).
[21] M. Førre, S. Selstø, J. P. Hansen, and L. B. Madsen,
Phys. Rev. Lett. 95, 043601 (2005).
[22] M. Y. Emelin and M. Y. Ryabikin,
Phys. Rev. A 89, 013418 (2014).
[23] A. S. Simonsen and M. Førre,
Phys. Rev. A 92, 013405 (2015).
[24] A. Staudt and C. H. Keitel, J. Phys. B 36, L203 (2003).
[25] A. Staudt and C. H. Keitel,
Phys. Rev. A 73, 043412 (2006).
[26] M. Y. Emelin, L. A. Smirnov, and M. Y. Ryabikin,
Phys. Rev. A 96, 043420 (2017).
[27] B. Kra¨ssig, M. Jung, D. S. Gemmell, E. P. Kan-
ter, T. LeBrun, S. H. Southworth, and L. Young,
Phys. Rev. Lett. 75, 4736 (1995).
[28] N. L. S. Martin, D. B. Thompson, R. P. Bauman, C. D.
Caldwell, M. O. Krause, S. P. Frigo, and M. Wilson,
Phys. Rev. Lett. 81, 1199 (1998).
[29] V. K. Dolmatov and S. T. Manson,
Phys. Rev. Lett. 83, 939 (1999).
[30] A. Derevianko, O. Hemmers, S. Oblad, P. Glans,
H. Wang, S. B. Whitfield, R. Wehlitz, I. A.
Sellin, W. R. Johnson, and D. W. Lindle,
Phys. Rev. Lett. 84, 2116 (2000).
[31] O. Hemmers, H. Wang, P. Focke, I. A. Sellin, D. W.
Lindle, J. C. Arce, J. A. Sheehy, and P. W. Langhoff,
Phys. Rev. Lett. 87, 273003 (2001).
[32] B. Kra¨ssig, E. P. Kanter, S. H. Southworth, R. Guillemin,
O. Hemmers, D. W. Lindle, R. Wehlitz, and N. L. S.
Martin, Phys. Rev. Lett. 88, 203002 (2002).
[33] O. Hemmers et al., Phys. Rev. Lett. 91, 053002 (2003).
[34] O. Hemmers, R. Guillemin, D. Rolles, A. Wolska, D. W.
Lindle, E. P. Kanter, B. Kra¨ssig, S. H. Southworth,
R. Wehlitz, B. Zimmermann, V. McKoy, and P. W.
Langhoff, Phys. Rev. Lett. 97, 103006 (2006).
[35] M. Førre, J. P. Hansen, L. Kocbach, S. Selstø, and L. B.
Madsen, Phys. Rev. Lett. 97, 043601 (2006).
[36] M. Førre, Phys. Rev. A 74, 065401 (2006).
[37] Z. Zhou and S.-I. Chu, Phys. Rev. A 87, 023407 (2013).
[38] M. Førre, S. Selstø, J. P. Hansen, T. K. Kjeldsen, and
L. B. Madsen, Phys. Rev. A 76, 033415 (2007).
[39] T. E. Moe and M. Førre,
Phys. Rev. A 97, 013415 (2018).
[40] C. T. L. Smeenk, L. Arissian, B. Zhou, A. Mysyrow-
icz, D. M. Villeneuve, A. Staudte, and P. B. Corkum,
Phys. Rev. Lett. 106, 193002 (2011).
[41] A. S. Titi and G. W. F. Drake,
Phys. Rev. A 85, 041404 (2012).
[42] M. Klaiber, E. Yakaboylu, H. Bauke,
K. Z. Hatsagortsyan, and C. H. Keitel,
Phys. Rev. Lett. 110, 153004 (2013).
[43] H. R. Reiss, Phys. Rev. A 87, 033421 (2013).
[44] J. Liu, Q. Z. Xia, J. F. Tao, and L. B. Fu,
Phys. Rev. A 87, 041403 (2013).
[45] E. Yakaboylu, M. Klaiber, H. Bauke, K. Z. Hatsagort-
syan, and C. H. Keitel, Phys. Rev. A 88, 063421 (2013).
[46] A. Ludwig, J. Maurer, B. W. Mayer, C. R.
Phillips, L. Gallmann, and U. Keller,
Phys. Rev. Lett. 113, 243001 (2014).
[47] S. Chelkowski, A. D. Bandrauk, and P. B. Corkum,
Phys. Rev. Lett. 113, 263005 (2014).
[48] S. Chelkowski, A. D. Bandrauk, and P. B. Corkum,
Phys. Rev. A 92, 051401 (2015).
[49] I. A. Ivanov, Phys. Rev. A 91, 043410 (2015).
[50] D. Cricchio, E. Fiordilino, and K. Z. Hatsagortsyan,
Phys. Rev. A 92, 023408 (2015).
[51] J. F. Tao, Q. Z. Xia, J. Cai, L. B. Fu, and J. Liu,
Phys. Rev. A 95, 011402 (2017).
[52] P.-L. He, D. Lao, and F. He,
Phys. Rev. Lett. 118, 163203 (2017).
[53] S. Chelkowski, A. D. Bandrauk, and P. B. Corkum,
Phys. Rev. A 95, 053402 (2017).
[54] M.-X. Wang, X.-R. Xiao, H. Liang, S.-G. Chen, and
L.-Y. Peng, Phys. Rev. A 96, 043414 (2017).
[55] D. Lao, P. L. He, and F. He,
Phys. Rev. A 93, 063403 (2016).
[56] S. Chelkowski and A. D. Bandrauk,
Phys. Rev. A 97, 053401 (2018).
[57] M. W. Walser, C. H. Keitel, A. Scrinzi, and T. Brabec,
Phys. Rev. Lett. 85, 5082 (2000).
[58] N. J. Kylstra, R. M. Potvliege, and C. J. Joachain,
J. Phys. B 34, L55 (2001).
[59] L.-Y. Peng and A. F. Starace,
J. Chem. Phys. 125, 154311 (2006).
[60] L.-Y. Peng, W.-C. Jiang, J.-W. Geng, W.-H. Xiong, and
Q. Gong, Phys. Rep. 575, 1 (2015).
[61] W.-C. Jiang and X.-Q. Tian,
Opt. Express 25, 26832 (2017).
[62] D. Bauer and P. Koval,
Comput. Phys. Commun. 174, 396 (2006).
[63] A. F. Starace, Theory of Atomic Photonionization,
Handbuch der Physik/Encyclopedia of Physics, Vol. 31
(Springer Verlag, Berlin, 1982).
[64] C. J. Joachain, N. J. Kylstra, and R. M. Potvliege,
Atoms in Intense Laser Fields (Cambridge University
Press, Cambridge, England, 2011).
